INTRODUCTION
The base composition of DNA genomes varies widely among organisms. For bacterial species, the mean G+C content ranges from 25% to 75% (1). Within vertebrate genomes, variability in base composition is usually seen among different regions of the chromosomes (2) . This mosaic structure of the genome has been suggested to correlate with chromosome band structures (3, 4) . The G+C level of coding regions in genes matches the G+C level of the flanking regions and non-coding introns. This implicates that codon usage of a particular gene will vary with its genomic G+C context. The degeneracy of the genetic code accomodates the use of different codons for the same amino acid. Indeed, most silent codon changes do reflect adaptation to local genomic nucleotide context (5, 6) .
Changes in genomic base composition are also accompanied by subtle but significant shifts in the amino acid contents of proteins. This was originally suggested in 1961 by Sueka without him knowing the genetic code (7) . He reported that the amino acid composition of total bacterial protein is different for GCrich when compared to GC-poor organisms (7) . More recently, direct comparisons have been made between homologous protein sequences of GC-rich and GC-poor organisms, showing in GCrich organisms a preference for amino acids with GC-rich codons (8) (9) (10) (11) (12) (13) . Thus, differences in genomic GC-content do result in a relatively large number of silent codon changes and in a smaller number of non-silent alterations in codons. These data suggest that the base count of a gene does influence the amino acid usage of the corresponding protein.
The HIV retrovirus, which is an important human pathogen that causes acquired immunodeficiency syndrome (AIDS), has a single-stranded RNA genome with an unusual genome composition. In particular, the HIV genome is A-rich (35.6%) and C-poor (17.9%). This feature may affect both the codonand amino acid-usage of this virus. It was previously reported that HIV codon usage is dramatically different from that of cellular genes (14) (15) (16) (17) (18) , and this bias is largely due to the preference for A-rich codons (van Hemert and Berkhout, unpublished data). In the present work, the influence of this 'Apressure' on the composition of the HIV proteins was analyzed. The total amino acid content of multiple proteins of the HIV-1 and HFV-2 viruses was compared to homologous functions of the human T-cell leukemia viruses HTLV-I and HTLV-II, which do not have an A-rich genome. We found significant differences in total amino acid content that correlate with the preferential use of amino acid residues encoded by A-rich codons in HTV. Furthermore, direct alignment of protein domains indicated that many conservative amino acid changes between HIV and HTLV proteins can be explained by A-pressure in HTV. Finally, we also identified a significant number of non-conservative amino acid changes that all reflect the addiction of HIV towards use of the A nucleotide.
MATERIALS AND METHODS
Sequence files (HIV-1 isolate LAI, HTV-2 isolate ROD, HTLV-I and HTLV-II) were from ref 19 . The Pol amino acid sequences were aligned using the PC gene program. 
RESULTS

A-pressure in the HTV genome leads to non-silent codon changes
The nucleotide composition of the genomes of the human and simian immunodeficiency viruses (HTV-SIV) is unusual when compared to cellular genes (19) . As a proviral double-stranded DNA, the HIV genome is an A+T rich sequence (57.8% A+T). Most notably, when treated as a single-stranded viral RNA genome, it is extremely A-rich (35.6%) and C-poor (17.9%). The HTV genome is densely packed with open reading frames and therefore, this preference for A is also present within HIV genes. Figure 1 summarizes the nucleotide composition of the HIV-1 and HIV-2 pol genes compared to the equivalent genes of the HTLV-I and HTLV-II viruses. Most striking for the HIV viruses is the high preference for A (39.0% and 38.0% for HIV-1 and HTV-2, respectively) and the low frequency of the C base (16.6% and 19.1%). This HTV base count is dramatically different for both cellular genes (HI) and the pol genes of the human T-cell leukemia viruses (Fig. 1) .
Next, the base composition was analyzed for the three individual codon-positions of the pol gene (Fig. 1 ). This analysis allows one to differentiate between substitutions that alter amino acids (replacement changes) and changes in codons without altering the amino acid (synonymous substitutions or silent changes). The A content of all three HTV codon positions revealed a positive relationship with the genomic A content. The Apreference of the HTV genome is most dramatically reflected in the silent codon-position 3 (46.5% and 45.2% for HIV-1 and HTV-2, respectively), but high A-levels were seen also at codon- The amino acid content of HTV proteins can be correlated with genomic A-pressure The A-richness of all pol codon positions implicates that HIV amino acids tend to change towards amino acids corresponding to codons with high A levels in the first and second codon position. We compared the usage of pairs of related amino acid (conservative amino acid alterations) in HTV and HTLV Gag and Pol proteins (Fig. 2) . For HTV, increases in the proportion of the 'A-enriched' amino acids He, Lys and Glu is expected when compared to the Leu, Arg and Asp levels, respectively. Indeed, a more than 2-fold difference in this ratio was seen for all three amino acid pairs. For instance, although the total lie+Leu content is relatively constant among the Pol proteins of the four viruses, the ratio of Leu to He is 2.80 for HTLV-I and decreases to 1.08 for HTV-2. For the Lys-Arg combination, we see a doubling of the number of Lys residues in HTV compared to HTLV, while the number of Arginines is relatively constant. The fourth analysis (Val-Ala) was included to test for the pressure against usage of C in HTV genomes. Val and Ala codons do have a statistically identical A-count, but vary in their C-count. We found a more than 2-fold increase in the number of 'C-poor' Val residues in HIV compared to HTLV. Similar results were obtained for Gag and Pol, although more extreme A-and C-shifts were observed for the latter. Sampling bias would be minimal because the analysis was performed using several viruses (HTV-1, HTV-2, HTLV-I, HTLV-H), two proteins (Gag and Pol) and four amino acid pairs.
A-pressure results in conservative and non-conservative amino acid substitutions In order to identify specific amino acid changes that result from A-pressure, we aligned the Reverse Transcriptase and Integrase domains of the HIV-1 and HTLV-I Pol proteins (Fig. 3) . First, we analyzed Lys-Arg substitutions among the two proteins. Of the 77 Lys residues in HTV-1 Pol, 12 are conserved in HTLV-I, but 11 can be ligned up with HTLV-I Arg residues (Fig. 4) . In contrast, only 1 HIV-1 Arginine residue can be paired to an HTLV-I Lysine. This biased Lys-Arg replacement is consistent with the shift in total amino acid composition seen for these two -KAKIIRDYGKQMAGDDCVASRQDED 857 KRAACPRPVGGPA0PKE--KDHQHHG 89S Figure 3 . Alignment of the Pol polyprotein sequences from the HTV-1 (LAI isolate) and HTLV-I viruses. Identical amino acids are indicated by asterisks below the sequence. The Pol protein is initially synthesized as a Gag-Pol fusion protein and subsequently processed into three Pol-encoded enzymes; Protease (not included in this analysis), Reverse Transcriptase (HTV coordinates 10-569) and Integrase (570-857). The 66kD RT polypeptide forms a homodimer, of which one chain is subsequently cleaved at its C-terminus to yield the 51 -66 heterodimer. Thus, the C-terminal RNaseH domain (450-569) is present only in p66. RT-based numbering can be converted to our Pol-based numbering by the addition of 9 residues (e.g. the conserved RT amino acid Glu-185 is HTV-l Glu-194 in our system).
proteins (Fig. 2) . Second, we verified whether the increase in Lys content of HTV-1 Pol is accompanied by an increased Acount of the corresponding codons. The data are summarized in Fig. 4 . The 12 Lys-Arg codon substitutions, with 11 Lys and only 1 Arg in HTV-1 Pol, resulted in a total increase in A-count of 22 and a concomitant loss of 12 C nucleotides. The dramatic shift in Arg -Lys usage may in part be explained by the relative simplicity of this type of codon substitution (AGA/G to AAA/G). The alignment of Figure 4 does suggest, however, that most substitutions did occur at HTLV Arg codons of the CGN type.
•Substitutions within the lie-Leu-Val-Ala group provide a second set of conservative amino acid alterations mat were analyzed for HIV and HTLV (Fig. 5) . Two major substitution patterns are evident from this analysis. First, the bias of HFV-1 for De (see Fig. 2 ) can be largely accounted for by base substitutions in HTLV-I Leu codons. We found 18 such Leu to lie replacements, compared to 8 lie to Leu changes and only 11 conserved He residues. Second, the major shift towards Val in HIV-1 (see Fig. 2 ) results primarily from Leu substitutions in HTLV-I. We scored 13 Val-Leu substitutions compared to only 2 Leu-Val changes. The number of Val-Leu replacements also greatly outnumbers the 6 conserved Val residues. We subsequently analyzed the shift in codon usage for the biased De -Leu and Val-Leu substitutions (Fig. 4) . 26 codons are involved in Leu-De conversions, resulting in an increase of the A-count of HTV by 13, combined with a reduction in C-count by 14. Likewise, for the 15 Val-Leu substitutions, the balance is +5A and -11C in HTV codons compared to HTLV.
Given the rather dramatic number of conservative amino acid changes due to the trend in HTV towards A-rich codons, nonconservative amino acid changes may also be correlated with the extreme A-pressure in HTV. We restricted this analysis to alterations within conserved Pol domains in order to avoid comparison of Pol amino acid positions that are not equivalent in the two polymerase enzymes. For this reason, we selectively scored only those replacements that are flanked on both sides by invariant amino acids (marked by asterisks in Fig. 3 ). The majority of changes reported are non-conservative in nature (Fig.  6 ). Within the 99 nucleotides of the corresponding codon triplets, we found a significant increase in A (+16) and decrease in C (-14). After restriction of this analysis to only the non-silent second position of these 33 codons, a significant increase in A (+6) and decrease in C (-5) was observed. The combined data strongly suggest that the influence of A-pressure on HIV genomes resulted in non-conservative amino acid alterations in the Pol protein.
Amino acid changes are non-uniformly distributed over the Pol polyprotein All enzymatic activities encoded by the Pol protein are essential for replication of the HTV and HTLV viruses. It is thus expected that changes in amino acid usage will be preferentially found in domains that are less critical for enzyme function. We therefore investigated the distribution of biased amino acid alterations in Pol. We analyzed the distribution of Leu, which is most dramatically discriminated against in HIV-l compared to HTLV-I. The 46 additional Leucines in HTLV-I (Fig. 2) were found interspersed over the HTLV Pol reading frame, but particular Leu-rich clusters can be detected that are absent in the HIV protein. For instance, seven HTLV-specific Leucines are present in domain 336-373 and five extra Leucines are concentrated in region 524-540 (Fig. 3, HTLV coordinates) . We also analyzed several small protein domains in HTLV-1 that have no HIV-l counterpart. Interestingly, these regions comprise a total of 69 amino acids with an extremely high Leucine content (15 in total, 22%). For instance, we found two Leucines in the small HTLV-insert 332-340 and three Leucines in the 533-540 insert. Thus, many of the additional Leucines in HTLV-I are localized in HTLV-specific inserts that may represent functionally less important enzyme domains. Amino acid replacements are expected to be avoided in positions critical for catalytic function. Indeed, although a major shift in Asp:Glu ratio was observed for the Pol polyproteins of HTLV-I and HIV-l (Figure 2) , no replacements were observed Figure 6 . Non-conservative amino acid substitutions in the HIV Pol protein due to A-pressure. The Pol alignment of Fig. 3 was used to find non-conservative amino acid changes in well-conserved domains of the HTV and HTLV Pol proteins. In order to select for substitutions within equivalent protein domains, we only scored altered amino acids flanked by residues that are conserved between HIV and HTLV (asterisks in Fig. 3 ). Listed are all replacement sites that satisfy this criterium, including a few conservative changes. The positions indicated are HTV-1 coordinates (see Fig. 3 ). The total base count of the HIV-1 and HTLV-I codons was calculated, and the nett gain in A (+16) and loss in C (-14) for HTV compared to HTLV is summarized in the central column. We also calculated A (+6) and C (-5) for the non-silent second codon positions only. 
DISCUSSION
The present work dealt mainly with the influence of biased nucleotide composition of a genome on amino acid usage. We analyzed the genome of the HIV-1 retrovirus, which is extremely A-rich in comparison to cellular genes and genomes of (retro)viruses that do not belong to the group of the lentiviridae. We showed that the high A-content of the HIV genome is reflected in amino acid usage of the Gag and Pol polyproteins. For a detailed analysis, we compared equivalent Pol protein sequences of the A-rich HIV-1 and the A-poor HTLV-I virus. This alignment allowed us to locate a significant number of conservative as well as non-conservative amino acid changes that all share the trend towards A-containing codons in HTV. Furthermore, we could show that A-pressure changed various domains of the Pol polyprotein in the same direction, but to a different extent depending on their functional constraints.
The high genomic frequency of the A nucleotide is common to all members of the lentivirus subgroup (HIV-1, HTV-2, SIV, visna virus, FIV, BIV, CAEV, EIAV; ref 19 ). The molecular mechanism responsible for the generation of A-rich genomes is not known. Two possible scenarios can be envisaged; high levels of the A nucleotide might arise by preferential base-incorporation and/or evolutionary selection. First, base variation may result from biases in the viral replication and/or repair mechanisms. Second, the A-bias may result from specific selection pressures imposed on the HFV-SrV genomic RNA or the proviral DNA sequences. The discussion on mutational bias or selection resembles the ongoing discussion on the biological forces responsible for the differences in GC content of genomes (24) (25) (26) (27) . It is not clear wheteher this process is primarily selection driven or mutation driven. The HTV virus may provide a unique experimental model system to address some of these issues.
According to the first scenario, the generation of an A-rich genome may be an enzymatic property of the HIV Reverse Transcriptase (RT) enzyme. This property should be typical for lentiviral RTs and not present in either HTLV RT or cellular DNA polymerases. Another observation is the specific accumulation of A in the genomic plus strand. Thus, the bias of HIV RT should be strand-specific, causing the preferential incorporation of either A during plus-strand synthesis or T during minus-strand synthesis. Interestingly, the HIV-1 RT p51-p66 heterodimer is structurally asymmetric. Recent biochemical data suggest that HIV RT might be functionally asymmetric as well, with distinct plus-and minus-strand polymerase activities (28) . It is presently unclear whether A-pressure contributes to the extensive G to A hypermutation in the plus strand that has been observed for HTV-1 grown in tissue culture (29) and isolated from AIDS patients (30, 31) . It has been suggested that these mutations are caused by a error-prone, mutator RT polymerase (32) .
According to the second scenario, HTV and other lentiviruses have become A-rich by selective pressure during evolution of this virus group or its precursor. It is currently unknown what purpose is served by the striking difference in base content of the HIV genome compared to that of the human host or the HTLV family of human retroviruses. It is obvious that the viral genome is subject to a range of pressures that are not imposed on host sequences. For instance, the A-rich HTV genome may have evolved to accommodate selective packaging of the HTV genomic plus strand RNA into retroviral particles. It is also feasible that the A/T rich dsDNA genome of an integrated HTV provirus is associated with typical structures in the chromosomal DNA and hence with the regulation of viral gene expression. In this context, it will be interesting to analyze integration sites for the HTV and HTLV viruses for their GC-or AT-composition. The high frequency of the A nucleotide in HTV may also contribute to the extreme low levels of CpG methylation sites (17, 33, 34) . Interestingly, discrimination against CpG shares some characteristics with A-pressure in that it is specific for the lentivirus group and generally more extreme in pol compared to the gag and env genes (van Hemert and Berkhout, unpublished data).
A-pressure may have affected the evolutionary mutation rate of the HIV virus. Because of the typical base composition of the genome of the HIV-1 virus, one should also be extremely careful in using general methods based on nucleotide or amino acid similarities to assess evolutionary relationships among virus species. Likewise, phylogeny calculations concerning the HTLV family may be affected by the C-bias of these viruses. Similarity in nucleotide sequence may not necessarily indicate a close evolutionary relationship of two viruses, but instead may reflect convergent evolution driven by a selection of A-or C-rich genomes. Concluding, the effect of an extremely high A-bias could create errors in calculations on the mutation rate and evolutionary age of these viruses.
